INTRODUCTION
============

Transgenic technology has greatly facilitated our understanding of the mechanisms regulating gene expression ([@B1]). However, it became apparent early on that transgene expression profiles did not always faithfully recapitulate that of their endogenous counterparts ([@B2]). This has been attributed to a feature of classical transgenesis namely, that transgenes integrate randomly within the genome. As a consequence, sequences proximal to the site of integration can influence transgene expression in both a positive and negative manner. For example, integration of a gene proximal to heterochromatic sequences results in its silencing in a proportion of cells expected to express it ([@B3]). Such aberrant expression is termed position effect variegation (PEV) ([@B4],[@B5]).

An additional uncontrollable aspect of transgenesis is that transgenes frequently integrate as multiple copies in a concatameric array. It has been observed that some high copy number (CN) transgenic lines suffer from low levels of expression and high levels of variegation ([@B6; @B7; @B8; @B9; @B10; @B11; @B12]). This has led to the suggestion that the repetitive nature of transgene arrays induces the formation of heterochromatin at the site of integration, thereby driving gene silencing ([@B6],[@B7]). Indeed, such repeat-induced gene silencing (RIGS) has been reported in mammals, flies, plants and fungi ([@B6; @B7; @B8; @B9; @B10; @B11; @B12; @B13]).

The propensity of transgenes to PEV and RIGS has led in part to the identification of a growing class of regulatory elements known as locus control regions (LCRs) ([@B14]). LCRs are defined by their ability to confer tissue-specific, CN-dependent and position-independent expression upon linked transgenes ([@B14]). Thus, LCRs are unique in their ability to protect transgenes against PEV ([@B15]). It has been suggested that LCRs exert their effect by ensuring that the transgenic locus adopts a euchromatic conformation in all cells of the expressing lineage, thereby allowing optimal levels of gene expression ([@B16],[@B17]). To date, all identified LCRs have been shown to be composed of a number of regulatory elements (enhancers, border elements and/or insulators) all of which cooperate to prevent PEV ([@B15]). Deleting one or more of these elements from the LCR results in sensitivity to PEV ([@B17; @B18; @B19; @B20; @B21]).

The hCD2 gene contains an LCR within the 3′ extragenic region, characterized by three DNaseI hypersensitive regions (HSS1-3) ([@B17],[@B18]). In mice, hCD2 transgenes carrying the full LCR are resistant to both classical PEV and RIGS, even when present as arrays of more than 50 copies ([@B17]). In contrast, transgenes that lack HSS3 of the LCR are often sensitive to PEV regardless of whether they integrate as single or multiple copies ([@B17]). In addition, it has been shown that hCD2 transgenes that lack HSS3 and include arrays of CTG or GAA triplet repeats exhibit PEV silencing at all integration sites ([@B22]). This suggests that triplet repeats are dominant in inducing gene silencing and heterochromatinization of the transgene array independently of the chromatin state of the locus at the site of integration.

To determine whether or not the hCD2 gene is sensitive to self-induced RIGS, transgenic lines were generated carrying multiple copies of a hCD2 gene with a truncated LCR. Cre recombinase was used to reduce the transgene CN, thus allowing direct comparison of transgenic lines with different CNs, whilst retaining the same integration site. Interestingly, in this experimental system transgene CN reduction resulted in an increase, a decrease or no change in the extent of variegation suggesting that variegation is not a direct result of RIGS, but probably reflects the state of chromatin proximal to the integration site. Taken together, these observations suggest that the relationship between PEV and RIGS is not a simple one.

Our transgenic lines also exhibited an additional aspect of transgenesis that can result in complex transgene expression profiles. Thus, we observed imprinting in four of the six hCD2 transgenic lines reported herein. In these four lines, transgene expression was lower and variegation higher after maternal transmission of the transgene. Maternally transmitted transgenes showed hypermethylation of LCR sequences, and low levels of epigenetic modifications normally associated with active genes. Imprinting in these mice was not affected by CN reduction.

MATERIALS AND METHODS
=====================

Cloning
-------

To generate the 1.3loxP vector pBluescript II SK+ was cut with SpeI, blunted \[using the DNA Polymerase I Large (Klenow) Fragment\] and then cut with BamHI. The VA vector ([@B23]) was cut with BamHI--XmnI and the 1.3-kb LCR fragment isolated and ligated into pBluescript II SK+ to generate 1.3LCR-pBS. The 1.3-kb LCR was lifted from the vector by digestion with BamHI--XbaI and ligated into the BamHI--XbaI digested hCD2-Int4 vector to generate hCD2-Int4-1.3. Finally, the hCD2-Int4-1.3 vector was digested with XbaI--NotI and a loxP site generated from annealed oligos ligated in (see below) to give the final construct 1.3loxP. loxP sense oligo:5′CTAGAATAACTTCGTATAATGTATGCTATACGAAGTTATGC3′. loxP anti-sense oligo:5′GGCCGCATAACTTCGTATAGCATACATTATACGAAGTTATT3′

The final vector was linearized by digesting with KpnI--NotI and the hCD2 gene isolated from the plasmid sequences. Isolated fragments were further purified using Elutip columns (Schleicher and Schuell). Pro-nuclei of fertilized oocytes from (CBA/Ca X C57F7BL/10) Fl mice were injected with the purified DNA at a concentration of 1--2 μg/ml TE buffer. Eggs surviving microinjection were transferred into the oviducts of recipient pseudo-pregnant females. Transgenic founders were detected by Southern blot analysis of genomic tail DNA.

Slot blot analysis
------------------

Genomic tail DNA (10 μg) was denatured in 400 μl of 0.4 M NaOH for 10 min before neutralization by the addition of 400 μl of 2 M Ammonium acetate. Samples were loaded in duplicate onto a Schleicher and Schuell slot blot apparatus containing a Schleicher and Schuell nitrocellulose membrane pre-wetted in 1 M ammonium acetate. Filters were removed and the DNA fixed by baking at 80°C for 1 h. Hybridizations were carried out essentially as for Southern blot analysis (see below).

McrBC scanning assay and Southern blot analysis
-----------------------------------------------

The McrBC assay was adapted from Santoso *et al*. ([@B24]). Fifty micrograms of genomic DNA was digested overnight with the restriction enzyme BamH1. After digestion, DNA was ethanol precipitated and re-suspended in 55 μl of 10 mM Tris (pH 8.0). DNA samples were divided into five 10 μl aliquots and digested as recommended by the manufacturers with increasing amounts (0--40 enzyme units) of McrBC (New England Biolabs) for 35 min at 37°C in 20 μl final volume. The reaction was stopped by the addition of 2 μl of stop solution (100 mM Tris--Cl pH 7.5, 10 mM EDTA pH 7.5, 1% SDS). Samples were resolved on 1% agarose gels containing 1 × TAE and ethidium bromide (5 μg/ml), run at 2 V/cm overnight. After denaturation in 1.5 mM NaCl, 0.5 N NaOH for 40 min and subsequent neutralization in 0.5 M Tris--HCl pH 7.5, 3 M NaCl for 40 min, separated DNA fragments were transferred onto a Hybond-N+ nylon membrane (GE Healthcare), essentially as described in ([@B25]). DNA was then fixed onto the membrane by baking at 80°C for 2 h. DNA probes were labelled with \[α-^32^P\]dCTP by random priming using Ready-To-Go DNA labelling beads (GE Healthcare) according to the manufacturer\'s instructions. Unincorporated nucleotides were removed using an illustra sephadex G-50 nick column (GE Healthcare) according to the manufacturer\'s instructions. The collected probe was denatured by boiling at 100°C for 5 min with 400 μl of denatured salmon sperm (10 mg/ml) before use in hybridization reactions. Membranes were pre-hybridized at 65°C for at least 2 h in hybridization buffer (10 × Denhardts, 3 × SSC, 0.1% SDS, 10% dextran sulphate, 100 μg/ml denatured salmon sperm DNA). Fifty nanograms of labelled denatured probe was added to the hybridization buffer and hybridized overnight at 65°C. Following hybridization, filters were washed in a final stringency of 0.3 × SSC; 0.1% SDS at 65°C.

Flow cytometry
--------------

Single cell suspensions were prepared from spleen. For flow cytometry 1 × 10^6^ cells were stained with antibodies in 100 μl ice-cold PBS supplemented with 0.5% BSA and 0.02% sodium azide on ice for 30 min before washing twice with 100 μl ice-cold PBS azide. Cells were re-suspended in 100 μl PBS azide before data acquisition using a FACSCalibur and CELLQUEST software. All antibodies were used at appropriate saturating concentrations. The antibodies used were as follows: hCD2-FITC (RPA-210 eBioscience), CD4-APC (CT-CD4 Caltag) and CD8-PE (CT-CD8 Caltag).

Cell sorting
------------

Single cell suspensions were prepared from spleen and lymph node. Cells were stained at a concentration of 1 × 10^8^ cells/ml in air-buffered IMDM supplemented with 5% FCS with appropriate saturating concentration of antibodies. Cells were incubated with antibodies for 30 min on ice before washing twice with air-buffered IMDM supplemented with 5% FCS. Cells were sorted using a MoFlo cell sorter (Dako). The antibodies used were as follows, hCD2-PE (RPA-210 eBioscience), TCRβ (H57-5097 eBioscience).

Chromatin immuno-precipitation
------------------------------

Sorted populations were re-suspended in warm air-buffered IMDM at a concentration of 1 × 10^6^ cells/ml. Cells were fixed with 1% formaldehyde for 10 min at 37°C. Cross-linking was stopped by the addition of glycine to a final concentration of 0.125 M. Cells were washed twice with ice-cold PBS. Samples were re-suspended in lysis buffer (1%SDS, 10 mM EDTA, 50 mM Tris--HCl pH 8.0) containing protease inhibitors (Roche) at a concentration of 1 × 10^7^ cells/ml and sonicated using a Bioruptor (Diagenode). Sonicated samples were checked on 1% agarose gel and 50 μl sample was reserved as input. Samples were split into aliquots containing 1 × 10^6^ cells, diluted to 1 × 10^6^ cells/ml in dilution buffer (0.1% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris--HCl pH 8.0, 167 mM NaCl) and pre-cleared with protein A/salmon sperm or protein G/salmon sperm agarose beads (Upstate). Samples were incubated overnight with antibodies at 4°C with rotation. Non-specific rabbit IgG was included as a control antibody. Antibody--chromatin complexes were captured with protein A/salmon sperm or protein G/salmon sperm agarose beads for 4 h at 4°C with rotation. Beads were washed once with each of the following buffers: low salt (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris--HCl pH 8.0, 150 mM NaCl), high salt (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris--HCl pH 8.0, 500 mM NaCl), LiCl (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris--HCl pH 8.0, 150 mM NaCl) and twice with TE (1 mM EDTA, 10 mM Tris--HCl pH 8.0). DNA--protein complexes were eluted with 1% SDS, 100 mM NaHCO~3~ and cross-linking reversed by incubating samples at 65°C overnight in the presence of 0.2 M NaCl. Samples were treated with RNase (20 μg/ml), and then with proteinase K (40 μg/ml) for 1 h. DNA was phenol extracted and ethanol precipitated in the presence glycogen (20 ng/ml). Samples were analysed by real time PCR (see below). The following antibodies were used for immuno-precipitation: anti-H3-Tri-meK4 (Abcam ab8580), anti-H3-Tri-meK36 (Abcam ab9050) and anti-acetyl-Histone-H3 (Upstate 06-599), normal rabbit IgG (Upstate 12-370).

Real time PCR
-------------

DNA from ChIP samples was diluted 1/10 except for input DNA which was diluted 1/25. Of this dilution, 6 μl was combined with SYBR Green 2 × master mix (applied Bioscience), and 5 pmol of each primer in a total volume of 20 μl. PCR reactions were run on a 7900HT fast real-time PCR system (applied Bioscience) and analysed using SDS 2.2.2 software (applied Bioscience). 1 × (95°C 10 min) 50 × (94°C 30 s. 60°C 30 s. 72°C 40 s). Using CT values obtained from real-time PCR the following equation was used to determine the relative enrichment of each modification: \[1/2^(I.P.ct\ −\ Input.ct)^\] -- \[1/2^(IgG.ct\ −\ Input.ct)^\]. Primer sequences were as follows.

5′hCD2-F:TGCTCTTCACATGCTCCATG

5′hCD2-R:AAGTATCTGCCAACCCAGAG

Intron4-F:AGGTCATCAGGTAGTCACAG

Intron4-R:CTCTGAAGTGTTCTGCCTTG

5′LCR-F:TAGACCCGTGTCTGCTCATT

5′LCR-R:ATAGGTTGTTGGACCCAGCT

3′LCR-F:AGGTTGCAGTGAGGTGAGAT

3′LCR-R:TAAGGGAATGGCGTATGAGC

G6PD primers have previously been published ([@B26])

G6PD-F:TAACGGAAGTGGGGTCATCC

G6PD-R:TTCGAGATCGCAAAGTCTTGTC

Statistical analysis
--------------------

For all experiments, statistical analysis was performed in Excel by using an unpaired Student\'s *t*-test.

RESULTS
=======

The influence of transgene CN on PEV
------------------------------------

Mice carrying large CN transgenes have been reported to show aberrant gene expression and silencing ([@B8],[@B12]). As most of the hCD2 transgenic lines previously analysed contain multiple transgene copies, it was important to address the effect of CN on the pattern of hCD2 transgene expression ([@B17],[@B18],[@B22],[@B23],[@B27; @B28; @B29; @B30]). To this end, a PEV-susceptible hCD2 transgene carrying a truncated 1.3-kb LCR (omitting HSS3) was constructed (1.3loxP). A single loxP site was included at the 3′ of the construct to allow transgene CN reduction following Cre-mediated recombination ([Figure 1](#F1){ref-type="fig"}A). Integration of multiple head-to-tail transgene copies in transgenic mice would theoretically allow Cre-mediated recombination between loxP sites on adjacent copies of the transgene resulting in excision of any number of copies between the loxP sites. Figure 1.CN reduction. (**A**) The hCD2 gene with intron 4 and the 2Kb LCR. Shown below is the 1.3loxP construct containing the truncated 1.3-kb LCR. Open boxes represent exons and filled triangle represents the loxP site. K, KpnI; X, XbaI; H, HinDIII. Vertical arrows indicate positions of DNaseI hypersensitive sites 1--3. (**B**) Flow cytometric analysis of hCD2 expression on CD4^+^ T cells from 1.3loxP and 1.3loxPDel transgenic lines. Splenic T cells were isolated, stained with anti-CD4, anti-CD8 and anti-hCD2 and then analysed by flow cytometry. An example FACS plot from each line is shown. CN, transgene CN in each line as determined by slot blot analysis; FI, mean fluorescent intensity of the hCD2^+^ population (as defined by the horizontal bar). (**C**) Statistical analysis (unpaired Student\'s *t*-test) of variegation in 1.3loxP and 1.3loxPDel transgenic mice. Splenic T cells from 1.3loxP and 1.3loxPDel transgenic mice were analysed by flow cytometry as described above. The percentages of hCD2^+^ cells are represented. Error bars show standard deviations. Numbers in brackets above the bars indicate the number of mice used from each line. Black bars represent the parental lines, whereas grey bars represent deleted lines. The name of each line has been shortened to from 1.3loxP to loxP.

Following microinjection of the 1.3loxP construct described above, founder mice were bred to CBA non-transgenic mice to establish six independent transgenic lines denoted 1.3loxP.1--6. To mediate transgene CN reduction, each 1.3loxP line was bred to the protamine-Cre (PC3-Cre) transgenic mouse line, in which Cre expression is driven by the protamine 1 gene regulatory elements ([@B31]). As the expression of the PC3-Cre transgene is restricted to the haploid spermatids, deletion of the floxed allele occurs only on transgene transmission through the male germline ([@B31]). Progeny of 1.3loxP/PC3 double transgenic males, were selected for further breeding to establish new lines with fewer copies of the transgene denoted by the suffix 'Del', in which the PC3-Cre transgene had been bred out.

CN analysis of 1.3loxP and 1.3loxPDel transgenic lines
------------------------------------------------------

Genomic tail DNA was isolated from 1.3loxP and 1.3loxPDel transgenic mice and subjected to slot blot analysis to determine the approximate transgene CN of each line. Slot blots were probed with the hCD2 cDNA to assess the transgene CN (data not shown). [Figure 1](#F1){ref-type="fig"}B shows the calculated transgene CN in each of the 1.3loxP and 1.3loxPDel transgenic lines. Slot blot analysis revealed that in all of the 1.3loxPDel transgenic lines the CN had been decreased through Cre-mediated recombination. In addition, Southern blot analysis suggested that the original site of integration was maintained (data not shown). Thus, this is an effective system to reduce transgene CNs whilst retaining the same site of integration.

Flow cytometric analysis of peripheral T cells after transgene CN reduction
---------------------------------------------------------------------------

To assess the affect of transgene CN reduction on hCD2 expression in 1.3loxP transgenic mice, flow cytometry was performed on peripheral T cells from 1.3loxP and 1.3loxPDel transgenic mice. Single cell suspensions from spleen were triple stained with anti-CD4, anti-CD8 and anti-hCD2 before analysis by flow cytometry. [Figure 1](#F1){ref-type="fig"}B shows a representative FACS plot from each line. [Figure 1](#F1){ref-type="fig"}C shows statistical data obtained from analysis of multiple mice ([@B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32; @B33]) from each transgenic line.

Comparison of hCD2 expression on 1.3loxP and 1.3loxPDel CD4^+^ T cells reveals that in each 1.3loxPDel line the reduction in CN is associated with a parallel decrease in the level of expression, as indicated by the mean fluorescent intensity (FI) ([Figure 1](#F1){ref-type="fig"}B). In addition, transgene CN reduction affected the extent of variegation in a number of lines. For example, reducing the CN in the 1.3loxP.1 line from four to two copies resulted in a statistically significant (*P* = 0.002) decrease in percentage of hCD2 expressing cells from 72% (SD 3) to 58% (SD 3) ([Figure 1](#F1){ref-type="fig"}C). Similarly, reducing the CN in the 1.3loxP.4 line from two to one copy resulted in a statistically significant (*P* = 0.001) decrease in the percentage of hCD2 expressing cells from 86% (SD 5) to 62% (SD 10). This shows that, in both the 1.3loxP.1 and the 1.3loxP.4 lines, reducing the transgene CN increases transgene variegation.

Interestingly, reducing the transgene CN in the 1.3loxP.5 line from twenty to nine copies resulted in a statistically significant (*P* = 0.001) increase in the percentage of hCD2 expressing cells from 75% (SD 11) to 91% (SD 4). This shows that, in the 1.3loxP.5 line, reducing the transgene CN decreases transgene variegation.

Finally, reducing the transgene CN in the 1.3loxP.2 (from four to three), 1.3loxP.3 (from eight to two) or 1.3loxP.6 (from four to two) lines did not result in any statistically significant change in the percentage of hCD2 expressing cells.

In summary, deleting copies of the 1.3loxP transgene *in vivo* affected the pattern of variegation in a manner specific to each transgenic line. Therefore, the relationship between variegation and transgene CN appears to be influenced by the site of integration in the hCD2 transgenic system.

Position effect imprinting in hCD2 transgenic mice
--------------------------------------------------

In addition to PEV, it has been shown that a number of transgenes exhibit parent-of-origin dependent expression phenotypes ([@B32; @B33; @B34; @B35; @B36; @B37; @B38]). To determine whether or not the expression profiles in the 1.3loxP transgenic mice were susceptible to parent-of-origin effects we compared offspring which had inherited the transgenic locus paternally or maternally ([Figure 2](#F2){ref-type="fig"}A). Single cell suspensions from the spleen of mice with either paternally or maternally inherited 1.3loxP transgenes were triple stained with anti-CD4, anti-CD8 and anti-hCD2 before analysis by flow cytometry. Analysis of hCD2 expression in these mice revealed that in four of the six lines the 1.3loxP transgene was subject to parent-of-origin effects or imprinting ([Figure 2](#F2){ref-type="fig"}A). Thus, passage of the transgene through the female germline resulted in offspring, in which expression of the transgene differed, from the expression in those that inherited the transgene through the male germline, in two major ways. Firstly, statistical analysis of hCD2 expression shows that, following maternal transmission, variegation was dramatically increased ([Figure 2](#F2){ref-type="fig"}B) and secondly, that levels of expression of the transgene on hCD2^+^ cells were reduced ([Figure 2](#F2){ref-type="fig"}C). Moreover, in these four imprinted lines maternal transmission results in extremely variable levels of variegation (as indicated by the large standard deviations in [Figure 2](#F2){ref-type="fig"}B). Notably, the pattern of hCD2 expression is indistinguishable within male and female littermates for all lines, indicating that the variegation profile is not dependent upon the sex of the mouse being analysed, but the parental origin of the transgene (data not shown). Figure 2.Imprinted hCD2 transgene expression. (**A**) Flow cytometric analysis of hCD2 expression on CD4^+^ T cells from 1.3loxP transgenic lines after paternal or maternal transmission of the transgene. Splenic T cells were isolated, stained with anti-CD4, anti-CD8 and anti-hCD2 and then analysed by flow cytometry. An example FACS plot from each line is shown. ND, not determined. (**B**) Statistical analysis (unpaired Student\'s *t*-test) of variegation in 1.3loxP transgenic mice after paternal or maternal transmission of the transgene. Splenic T cells from 1.3loxP and 1.3loxPDel transgenic mice were analysed by flow cytometry as described above. The percentage of hCD2^+^ cells is represented. Error bars show standard deviations. Numbers in brackets above the bars indicate the number of mice used from each line. The name of each line has been shortened to from 1.3loxP to loxP. (**C**) Statistical analysis (unpaired Student\'s *t*-test) of the level of hCD2 expression in 1.3loxP transgenic mice after paternal or maternal transmission of the transgene. Splenic T cells from 1.3loxP and 1.3loxPDel transgenic mice were analysed by flow cytometry as described above. The mean fluorescent intensity (FI) of hCD2^+^ cells is represented. Error bars show standard deviations. Numbers in brackets above the bars indicate the number of mice used from each line. The name of each line has been shortened to from 1.3loxP to loxP. (**D**) Breeding analysis to show reversal of imprinting. Splenic T cells were isolated, stained with anti-CD4, anti-CD8 and anti-hCD2 and then analysed by flow cytometry. See main text for details.

Importantly, CN reduction did not significantly affect imprinting induced variegation and similarly, the change in variegation resulting from CN reduction, as reported in the previous section (i.e. no change, increase or decrease in variegation) was still evident after maternal transmission of the 1.3loxP and 1.3loxPDel transgenes (data not shown).

The 1.3loxP.1 line was not subjected to imprinting analysis as the transgene is integrated on the Y chromosome (as determined by breeding and FISH analysis; data not shown). Due to imprinting within the 1.3loxP lines [Figure 1](#F1){ref-type="fig"}B and C contain only analysis of 1.3loxP transgenic mice in which the transgene was of paternal origin.

Reversal of imprinting
----------------------

Most imprinting marks within the genome are reset or erased during gametogenesis ([@B39]). Therefore, a breeding programme was established to test whether imprinted expression of the hCD2 transgene obeys the same rules as classical imprinting, i.e. is the imprinting of the transgenic locus reversed after passage through the male germline? [Figure 2](#F2){ref-type="fig"}D shows an example of such an experiment. The first panel displays the characteristic high level of hCD2 expression and low level of variegation after paternal transmission. Maternal transmission from this mouse ([Figure 2](#F2){ref-type="fig"}D panel 1) resulted in the characteristic imprinted expression pattern ([Figure 2](#F2){ref-type="fig"}D panel 2). Subsequent paternal transmission from the mouse in panel 2 resulted in complete reversion to the non-imprinted phenotype ([Figure 2](#F2){ref-type="fig"}D panel 3). The reversal of the imprinted phenotype suggests that imprinting of the 1.3loxP transgene obeys similar rules to classical imprinting.

Imprinted transgenes show DNA hypermethylation
----------------------------------------------

As classical imprinting is associated with DNA methylation we analysed whether imprinted hCD2 transgenes show elevated levels of DNA methylation within the LCR ([@B39]). Using an McrBC scanning assay we sought to determine whether the LCR showed differential methylation in non-imprinted and imprinted mice ([@B24]). The imprinted line 1.3loxP.3Del was used for methylation analysis, whereas the 1.3loxP.4, which does not display imprinting, was included as a control. These two lines were chosen due to their similar CNs and comparable levels of expression ([Figures 1](#F1){ref-type="fig"}B and [3](#F3){ref-type="fig"}A). Figure 3.Methylation analysis of the hCD2 LCR in expressing and non-expressing tissues. (**A**) Flow cytometry comparing expression of an imprinted and non-imprinted 1.3loxP transgenic line after paternal and maternal transmission. Splenic T cells were isolated, stained with anti-CD4, anti-CD8 and anti-hCD2 and then analysed by flow cytometry. (**B**) McrBC analysis of genomic DNA from the non-imprinted 1.3loxP.4 transgenic line. Genomic DNA was extracted from spleen and kidney from 1.3loxP.4 transgenic mice after paternal or maternal transmission of the transgene. Genomic DNA was digested with BamH1 and then incubated with increasing concentrations of McrBC. Treated DNA was analysed by Southern blot using an LCR probe. Shaded triangle represents increasing concentration of McrBC. The position of the parental band and sites of potential LCR methylation are indicated. Mat, maternal transmission; pat, paternal transmission. (**C**) McrBC analysis of genomic DNA from the imprinted 1.3loxP.3Del transgenic line. Genomic DNA was extracted from spleen and kidney from 1.3loxP.3Del transgenic mice after paternal or maternal transmission of the transgene. Genomic DNA was digested with BamH1 and then incubated with increasing concentrations of McrBC. Treated DNA was then analysed by Southern blot using an LCR probe. Shaded triangle represents increasing concentration of McrBC. The position of the parental band, end fragment and sites of potential LCR methylation are indicated. (**D**) Diagram of the 1.3loxP transgene and fragments produced in the McrBC assay. Open boxes represent exons and filled triangle represents the loxP site. B, BamHI. Black boxes represent probe used in McrBC assay. Two copies of the transgene are shown integrated in a head-to-tail orientation and shown below are the main fragments resulting from BamH1 or BamHI/McrBC digestion.

Splenic and kidney genomic DNA was extracted from 1.3loxP.3Del and 1.3loxP.4 transgenic mice after either paternal or maternal transmission of the transgene. Extracted genomic DNA was digested with BamHI and then subjected to digestion with increasing amounts of McrBC before analysis by Southern blot using an LCR probe (see [Figure 3](#F3){ref-type="fig"}D for probe details and fragment sizes). In this assay, the appearance of any bands of ≤1.3 kb would indicate the presence of DNA methylation within the hCD2 LCR.

Analysis of genomic DNA extracted from 1.3loxP.4 (non-imprinted) transgenic mice revealed no evidence for LCR-specific DNA methylation in either spleen or kidney after either paternal or maternal transmission of the transgene ([Figure 3](#F3){ref-type="fig"}B). Interestingly, the observed digestion of the 13-kb parent band by McrBC indicates that DNA within the main body of the transgene is methylated in both spleen and kidney ([Figure 3](#F3){ref-type="fig"}B). Furthermore, the level of DNA methylation appears to be marginally higher in the kidney samples. We conclude that in this non-imprinted line the DNA methylation status is not greatly influenced by the parental origin of the transgene.

Analysis of genomic DNA from 1.3loxP.3Del transgenic mice, following paternal transmission, also revealed no evidence for DNA methylation within the hCD2 LCR in either spleen or kidney ([Figure 3](#F3){ref-type="fig"}C). Similar to the analysis of DNA from the non-imprinted line digestion of the 13-kb parent band indicates that DNA within the main body of the transgene is methylated in both spleen and kidney after paternal transmission. In contrast, following maternal transmission of the transgene the presence of bands of \<1.3 kb (and the complete disappearance of the 13-kb parent band) provides evidence for high levels of methylation within the hCD2 LCR in both spleen and kidney ([Figure 3](#F3){ref-type="fig"}C).

Differential LCR DNA methylation in hCD2^+^ and hCD2^−^ T cells from imprinted 1.3loxP.3Del mice
------------------------------------------------------------------------------------------------

As the previous McrBC assay was performed on single cell suspension from whole organs, it did not allow us to discriminate between T cells that did or did not express the transgene. Thus, we extended the studies to determine whether the methylation status of the transgene is different between expressing and non-expressing lymphocytes. To this end, hCD2^+^ and hCD2^−^ T cells were FACS sorted from spleen and lymph node of 1.3loxP.3Del mice, after maternal or paternal transmission ([Figure 4](#F4){ref-type="fig"}). DNA extracted from the sorted populations was subjected to McrBC analysis as described in [Figure 3](#F3){ref-type="fig"}. In agreement with data presented above, hCD2^+^ T cells showed no methylation of the LCR after paternal transmission of the transgene. In contrast, hCD2^−^ cells showed a high degree of DNA methylation after maternal transmission. Interestingly, hCD2^+^ T cells from the same animals showed a small degree of DNA methylation. Figure 4.Methylation analysis in sorted T-cell populations. **A** McrBC analysis of sorted T-cell populations from 1.3loxP.3Del transgenic mice. Spleen- and lymph node-derived T cells were stained with anti-TCR and anti-hCD2 before flow sorting. T cells (TCR^+^) were sorted into populations that were either hCD2^+^ or hCD2^−^. Each population was at least 97% pure. Genomic DNA was extracted from the sorted populations, digested with BamH1 and then incubated with increasing concentrations of McrBC. Treated DNA was analysed by Southern blot using an LCR probe. Shaded triangle represents increasing concentration of McrBC. The position of the parental band, end fragment and sites of potential LCR methylation are indicated.

ChIP analysis of the hCD2 gene in hCD2^+^ and hCD2^−^ T cells from imprinted 1.3loxP.3Del mice
----------------------------------------------------------------------------------------------

In order to assess the pattern of epigenetic modifications involved in gene regulation ChIP analysis was performed on the sorted populations described above ([Figure 5](#F5){ref-type="fig"}). Analysis of H3-Me3K36 levels, a marker for active genes, revealed enrichment along the hCD2 gene in hCD2^+^ cells after maternal and paternal transmission, when compared to hCD2^−^ cells. Interestingly, the level of H3-Me3K36 was highest at the 5′ end of the LCR. Analysis of H3-Me3K4 levels revealed a slightly different finding. Although hCD2^+^ cells from both maternal and paternal transmission showed enrichment for this modification, the levels were highest within hCD2 intron 4 and the 3′ of the LCR which contains the hCD2 enhancer ([Figure 5](#F5){ref-type="fig"}). Analysis of pan-acetylated histone H3 levels revealed a similar profile with enrichment at intron 4 and the 3′ of the LCR in hCD2^+^ cells after paternal or maternal transmission ([Figure 5](#F5){ref-type="fig"}). All three modifications were absent from the chromatin of the transgenic locus in cells that do not express the transgene. Figure 5.ChIP analysis of sorted T-cell populations. ChIP analysis of the hCD2 gene in sorted populations from 1.3loxP3Del transgenic mice. Sorted populations of hCD2^+^ and hCD2^−^ cells (as described in [Figure 4](#F4){ref-type="fig"}) were fixed in formaldehyde and then subjected to ChIP analysis. Graphs show levels of H3-Tri-meK36, H3-Tri-meK4 and pan-acetyl-Histone-H3 along the hCD2 gene as determined by real-time PCR. Each immuno-precipitation represents average values of two independent experiments and each PCR was repeated in quadruplicate. See 'Materials and methods' section for normalization methods. Below the upper graph is a schematic of the transgene and black arrows indicate positions of ChIP primers.

DISCUSSION
==========

Transgene CN and variegation
----------------------------

Sequences proximal to transgene integration sites are able to deregulate transgene expression resulting in complex position effect phenotypes ([@B40]). In addition, transgenes integrated as repeated arrays are susceptible to RIGS ([@B41]). It has been proposed that RIGS has evolved as a mechanism to silence parasitic repeats within the genome ([@B41]). RIGS also may serve a structural role, by providing a sequence-independent mechanism to maintain centromeric integrity through the heterochromatinization of centromere proximal repeats ([@B41]).

Previously, nucleotide triplet-repeat expansion has been shown to drive hCD2 transgene silencing in a position-independent manner ([@B22]). However, it was not clear whether concatamers of an hCD2 transgene are susceptible to self-induced RIGS. It was therefore interesting to directly address the influence of transgene CN on expression of variegating hCD2 transgenes.

Six hCD2 transgenic lines with a truncated LCR reported herein displayed variegation. Utilizing a Cre recombinase-based approach we were able to reduce the transgene CN in each of the hCD2 transgenic lines. In each of the transgenic lines CN reduction was associated with a concomitant decrease in the level of hCD2 expression on T cells. In addition, CN reduction altered the extent of variegation in a manner that was specific to each line, suggesting that RIGS is not the direct causative agent of variegation in hCD2 transgenic mice, instead the sequences proximal to the site of integration appear to be responsible for the transgene deregulation. Indeed, previous observations from our laboratory, have revealed that not all high-CN hCD2 transgenic lines display variegation even though they possess a disabled/truncated LCR, providing additional evidence to support this hypothesis ([@B17]). These results are in contrast with data obtained with triplet-repeat expansion induced RIGS of hCD2 transgenes, which occurs at all integration sites regardless of transgene CN ([@B22]). In this system, deregulation appears to be defined by the triplet-repeat itself and is dominant over the influence of sequences proximal to the site of integration.

The observation that variegation increases upon transgene CN reduction indicates that at some integration sites larger transgene arrays have an advantage over smaller arrays, suggesting that having more transgene copies within an array can actually be beneficial rather than a cause of deregulation. It is possible that transgenes embedded within the centre of a large repeat may be shielded better from the influence of neighbouring sequences at the site of integration than when present in a small repeat. Alternatively, regulatory elements on neighbouring transgenes within the array may co-operate in *cis* to overcome position effects. Such a mechanism has previously been described in λ*5-V*~preB1~ transgenic mice ([@B42]).

Our data contrast with results from a number of published studies. For example, Garrick *et al*. ([@B8]) utilized a Cre recombinase-based strategy to reduce CN of an α globin-lacZ transgene, whilst retaining the same integration site. They reported a strict correlation with high transgene CNs and gene silencing. In that study, Garrick *et al*. utilized transgenic lines with CNs in excess of 100, thus, the relatively low CN of the transgene arrays reported by us herein may be too small to induce true repeat-induced gene silencing. In agreement with this possibility is the observation that the only line to display a decrease in variegation on CN reduction also had the highest starting CN (20 copies). However, it has been reported that in some cases \<20 copies are sufficient to drive RIGS in mammalian cells in tissue culture, and CNs as low as three are sufficient to drive RIGS in *Drosophila* and *Arabidopsis* ([@B7],[@B9],[@B10],[@B13]).

Perhaps more importantly, the data reported herein utilized a mammalian promoter and a mammalian reporter gene, whilst a number of the systems previously described rely upon prokaryotic reporter genes. It is worth noting that genes of prokaryotic origin are exceptionally susceptible to PEV ([@B43]).

At first glance, these disparate results suggest that different mechanisms of gene silencing are employed in each system. However, it is likely that these differences simply reflect the presence of a broad spectrum of gene/sequence-specific sensitivity to RIGS. For example, in *Drosophila*, variegation of the *white* gene is sensitive to RIGS at all chromosomal locations, whereas, RIGS of the *brown* gene is absolutely dependent upon the proximity to heterochromatic sequences ([@B7],[@B10]). Thus, the composition of the repeat is important in determining sensitivity to RIGS.

Imprinted position effect variegation
-------------------------------------

Flow cytometry revealed that in a number of 1.3loxP lines transgene expression was sensitive to the parental origin of the transgene. In four of the 1.3loxP lines, maternal transmission of the transgene resulted in both an increase in variegation and a decrease in the level of transgene expression on hCD2^+^ cells.

Imprinting was reversed or erased on subsequent passage through the male germline. This characteristic, normally associated with 'classical imprinting', suggests that similar mechanisms may be involved in imprinting of the 1.3loxP transgenes.

As hCD2 transgenes with the full LCR do not show imprinted expression, it is unlikely that this finding represents a normal mode of hCD2 regulation. Currently it remains unclear as to why the 1.3loxP transgenes should be so susceptible to parent-of-origin effects. One possible explanation is that the hCD2 transgenes in the 1.3loxP mice could be integrated proximal to naturally imprinted genes. In addition, a combination of genome-wide and chromosome-specific analysis of CpG methylation sites has identified genomic sites that do not contain imprinted genes but display monoallelic parent-of-origin specific DNA methylation ([@B44],[@B45]). Thus, it is possible that imprinting has resulted from transgene integration proximal to such an area of differential methylation. We hypothesize that all hCD2 transgenes integrated at such sites would become methylated on maternal transmission. However, in the absence of HSS3 the LCR would remain methylated in T cells, resulting in its deregulation.

In support of this hypothesis, we have shown using the McrBC scanning assay that in imprinted lines the LCR is highly methylated in both expressing and non-expressing tissues after maternal transmission of the transgene. This suggests that DNA methylation may be involved in imprinted transgene silencing. However, McrBC analysis on sorted populations of T cells revealed that even in hCD2 expressing cells the LCR is methylated to some extent after maternal transmission of the imprinted transgene. This indicates that complete removal of DNA methylation from all copies of the transgene is not absolutely essential for transgene expression. However, as this analysis was performed on a bulk population of cells we do not know if this intermediate level of methylation represents a fraction of cells carrying high levels of methylation (possibly indicative of cells that have recently escaped silencing/or about to be silenced) or whether all cells within the population carry an intermediate level of methylation. Alternatively, this intermediate level could arise if some of the transgene copies within the array are methylated.

It is interesting to note that the methylated sequences within the hCD2 LCR in imprinted mice correlate approximately with the position of an Alu repeat. Alu repeats are frequently methylated within the genome, perhaps to silence these otherwise transposable elements. Furthermore, it appears that some endogenous Alu repeats are subject to parent-of-origin differential methylation ([@B46],[@B47]).

ChIP analysis revealed that the hCD2^−^ population showed lower levels of epigenetic modifications normally associated with active genes (H3-Me3K36, H3-Me3K4 and acetylation of histone H3). Interestingly, levels of H3-Me3K36 were highest at the 5′ end of the LCR. This fits with previously published data in which H3-Me3K36 is enriched in the 3′ of transcribed genes ([@B48],[@B49]). In addition, levels of H3-Me3K4 and acetylation of histone H3 were enriched within intron 4 and the 3′ of the LCR, both of which contain hypersensitive sites. This is in agreement with previously published data describing association of these modifications with DNaseI hypersensitive sites and regulatory elements ([@B50],[@B51]).

As mentioned previously imprinted transgene expression has been described in a number of systems ([@B32; @B33; @B34; @B35; @B36; @B37; @B38]). In addition, imprinted transgenes consistently show lower levels of expression and DNA hypermethylation after maternal transmission ([@B32; @B33; @B34; @B35; @B36; @B37; @B38]). In our system, we propose a mechanism where imprinted position effects result in parental-specific methylation of LCR sequences. This methylation in turn prevents acquisition of appropriate histone modifications along the hCD2 gene in developing T cells, resulting in failure to activate the transgene, thereby driving imprinted variegation. Although the mechanisms for transgene imprinting have yet to be resolved, the similarity of these previously published results and the results reported herein suggest that related imprinting mechanisms are involved in each case. Determining why these transgenes are susceptible to imprinting and the identification of factors important in directing the process could reveal invaluable information regarding the mechanisms of classical imprinting.
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